In this work, biosurfactant production by a Pseudomonas aeruginosa strain was optimized using low-cost substrates. The highest biosurfactant production (3.2 g/l) was obtained using a culture medium containing corn steep liquor (10% (v/v)) and molasses (10% (w/v)). The biosurfactant reduced the surface tension of water up to 30 mN/m, and exhibited a high emulsifying activity (E 24 = 60%), with a critical micelle concentration as low as 50 mg/l. The biosurfactant produced in this alternative medium was characterized as a mixture of eight different rhamnolipid congeners, being the most abundant the mono-rhamnolipid Rha-C 10 -C 10 . However, using LB medium, nine different rhamnolipid congeners were identified, being the most abundant the di-rhamnolipid Rha-Rha-C 10 -C 10 . The rhamnolipid mixture produced in the alternative medium exhibited a better performance in removing oil from contaminated sand when compared with two chemical surfactants, suggesting its potential use as an alternative to traditional chemical surfactants in enhanced oil recovery or bioremediation.
Introduction
Surfactants are an important class of chemical compounds widely used in many different fields. They are amphiphilic molecules that contain distinct hydrophilic and hydrophobic groups, which, by accumulating at the interfaces, reduce the surface or interfacial tension between two phases with different polarities. Most conventional surfactants available are derived from petrochemical sources meaning that they are expensive and hazardous to the environment due to their recalcitrant nature (Vaz et al., 2012) .
In the recent years, an increase in environmental awareness has led to much more interest in the use of renewable-based, biodegradable and more environmentally friendly surfactants. The market for these ''green'' alternatives to synthetic surfactants was 344 kilo tons in 2013, and it is expected to reach 462 kilo tons and 2308 million USD by 2020 (Grand View Research, 2014) . Among them, biosurfactants, surface active molecules produced by diverse groups of microorganisms (bacteria, yeasts and filamentous fungi), have attracted considerable attention as alternatives to their synthetic counterparts, owing to their unique properties, that include low toxicity, high biodegradability, high selectivity, low critical micelle concentrations (cmc) and effectiveness at extreme temperatures, pHs and salinities. Due to these properties, biosurfactants comprise a variety of potential applications in agriculture, bioremediation, petrochemical, pharmaceutical, cosmetics, detergent or food industries (Abdel-Mawgoud et al., 2010; Henkel et al., 2012) .
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Rhamnolipids (glycolipid biosurfactants) are among the most effective biosurfactants due to their low minimum surface tension values (28-30 mN/m), high emulsifying activity (emulsifying indexes up to 60-70%) and low cmcs (10-200 mg/l). Rhamnolipids are usually synthesized by the Gram-negative bacterium Pseudomonas aeruginosa and related species as complex mixtures, and more than 60 different congeners have been identified to date (Abbasi et al., 2012; Abdel-Mawgoud et al., 2010; Benincasa et al., 2004; Bharali and Konwar, 2011) . Their hydrophilic moiety consists of one (mono-rhamnolipids) or two (di-rhamnolipids) rhamnose molecules, while the hydrophobic part is represented by two (or more rarely one) b-hydroxy fatty acids, saturated or unsaturated, of different chain lengths (C 8 -C 24 ). Their physicochemical properties (e.g., solubility, surface activity) and applications depend on the type and proportions of congeners present in the mixture, which vary according to the bacterial strain, the composition of the culture medium and the cultivation conditions (Abdel-Mawgoud et al., 2010; Raza et al., 2009; Zhang et al., 2014) .
Nowadays a limited number of biosurfactants are produced at an industrial scale, mainly due to their high production costs, resulting from the relatively low productivities and the high prices of the culture media used. In order to increase their competitiveness in the market in relation to the chemical surfactants, considerable efforts have been made on the development of economical and sustainable production processes (Benincasa and Accorsini, 2008; Henkel et al., 2012; Sarachat et al., 2010) . It is generally accepted that the culture media can account for up to 50% of the total production cost of biosurfactants (Henkel et al., 2012) . Therefore, the use of low-cost renewable feed-stocks and agro-industrial by-products and wastes as culture media can contribute to make their production economically viable and, at the same time, alleviate many industrial waste management problems.
Molasses is a low-cost by-product generated during the crystallization of sugar from liquid extracts of sugarcane or sugar beet. It contains a high concentration of carbohydrates (usually about 50%), as well as other valuable compounds such as vitamins. Corn steep liquor (CSL) is a liquid by-product generated by the corn wet milling industry. It is rich in vitamins, minerals, amino acids and proteins, being an important source of nitrogen for many biotechnological processes (Henkel et al., 2012; Maddipati et al., 2011) . The high nutritional content of both substrates, together with their availability and low price, make them useful products to be used as culture medium or nutrient supplements for microorganisms in diverse industrial fermentation processes.
The aim of this work was to optimize the biosurfactant production by a P. aeruginosa strain isolated from a crude oil sample using low-cost substrates. The biosurfactant mixture produced was characterized, and its applicability in oil recovery was evaluated and compared with two commonly used chemical surfactants.
Methods

Strain and culture conditions
The biosurfactant-producing strain P. aeruginosa #112 was isolated from a crude oil sample obtained from a Brazilian oil field, and identified according to its 16S rRNA sequence. The 16S rRNA gene was amplified by PCR using primers 341F and 907R. The resulting sequence was compared with those deposited in the GenBank database of the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov) using the nucleotidenucleotide blast (BLASTn) network service, to determine its phylogenetic affiliation, and deposited in the GenBank database under the accession number KM244766. The strain was maintained in Luria-Bertani (LB) medium, supplemented with 20% (v/v) of glycerol, at À80°C. The composition of LB medium was (g/l): NaCl 10.0; tryptone 10.0; yeast extract 5.0; pH 7.0. Whenever required, frozen stocks were streaked on LB agar plates and incubated at 37°C for 16-18 h. The agar plates were stored at 4°C no longer than 3 weeks.
Chemical surfactants
Two chemical surfactants, Enordet and Petrostep (kindly provided by SNF FLOERGER (France)), commonly used in chemical enhanced oil recovery, were used to compare its performance with the biosurfactant herein produced by P. aeruginosa #112.
Biosurfactant production
Biosurfactant production by P. aeruginosa #112 was first evaluated in LB medium. 500 ml flasks containing 200 ml of LB medium were inoculated with 2 ml of a pre-culture; pre-cultures were prepared by inoculating 10 ml of LB medium with a single colony taken from an agar plate, and subsequently they were incubated overnight at 37°C and 120 rpm. The production cultures were also incubated at 37°C, but at different agitation rates (120, 180 and 200 rpm). Samples were taken along the fermentation to determine biosurfactant production. The samples were centrifuged (10,000Âg, 20 min, 20°C) and the cell-free supernatants were used to measure the surface tension (ST) and to determine the emulsifying activity (E 24 ), as described below. Whenever required, the culture broth supernatants were diluted 10 or 100 times with demineralized water, and the surface tension (ST
À1
, ST
À2
) and emulsifying activities (E 24 À1 , E 24 À2 ) were measured.
Use of alternative substrates for the biosurfactant production
Sugarcane molasses (kindly provided by RAR: Refinarias de Açú-car Reunidas, S.A. (Portugal)) and CSL (kindly provided by COPAM: Companhia Portuguesa de Amidos, S.A. (Portugal)) were evaluated as alternative substrates for biosurfactant production by P. aeruginosa #112. Molasses contained 490 g/l of carbohydrates and 0.6 g/l of protein, whereas CSL contained 75 g/l of carbohydrates and 5 g/l of protein. Total carbohydrates and protein concentrations were determined using the phenol-sulfuric and Lowry methods, respectively (Dubois et al., 1956; Lowry et al., 1951) . Molasses was dissolved in demineralized water (10% (w/v)) and used as culture medium, either alone or supplemented with different nitrogen sources at a concentration of 2 g/l. The nitrogen sources used were: ammonium nitrate, ammonium sulfate, sodium nitrate, tryptone, urea and yeast extract. CSL was dissolved in demineralized water at different concentrations (5%, 10% and 15% (v/v)) and used as culture medium, either alone or supplemented with glucose at a concentration of 10 g/l. All media were adjusted to pH 7.0. The assays were performed in 500 ml flasks containing 200 ml of the different media. Each flask was inoculated with 2 ml of a pre-culture grown in LB medium for 24 h. The cultures were incubated at 37°C and 180 rpm. Samples were taken at different time points during the fermentation to determine the biosurfactant production as described above.
Biosurfactant recovery
The biosurfactant produced by P. aeruginosa #112 was recovered from the cell-free supernatants obtained at the end of the different fermentations by adsorption chromatography using the polystyrene resin Amberlite XAD-2 (Sigma-Aldrich). A 125 ml column was filled with Amberlite XAD-2 and equilibrated with three volumes of 0.1 M potassium phosphate buffer (pH 6.1) at a constant flow rate of 3 ml/min. The cell-free supernatants were adjusted to pH 6.1 and introduced into the column at the same flow rate. Subsequently, the column was washed with three volumes of demineralized water to remove the non-adsorbed compounds. Finally, the biosurfactant adsorbed to the resin was eluted with three volumes of methanol; the methanol was removed using a rotary evaporator at room temperature and the crude biosurfactant was dissolved in a minimal amount of demineralized water and freeze-dried. The products obtained were weighed and stored at À20°C for further studies.
Surface-activity determination
Surface tension measurements of biosurfactant solutions and culture broth supernatants were performed according to the Ring method described elsewhere (Gudiña et al., 2010 ) using a KRÜSS K6 Tensiometer (KRÜSS GmbH, Germany) equipped with a 1.9 cm De Noüy platinum ring at room temperature (25°C). All measurements were performed in triplicate.
Emulsifying activity determination
The emulsifying activity of the cell-free supernatants and biosurfactant solutions was determined using n-hexadecane, as described elsewhere (Vaz et al., 2012) . All emulsification indexes were determined in triplicate.
Critical micelle concentration (cmc)
Critical micelle concentration, the concentration of an amphiphilic compound in solution at which the formation of micelles is initiated, was calculated as described elsewhere (Gudiña et al., 2010) , using the freeze-dried biosurfactant produced by P. aeruginosa #112 dissolved in demineralized water at different concentrations.
Biosurfactant chemical characterization
For chemical composition analysis, the biosurfactant mixtures were extracted using the Folch extraction method commonly used to extract lipids from biomolecules (Folch et al., 1957) . Briefly, the freeze-dried biosurfactants were dissolved in demineralized water at a concentration of 10 mg/ml. Afterwards, a chloroform/methanol mixture (2:1, v/v) was added to the biosurfactant solution, achieving a final chloroform/methanol/water ratio of 8:4:3 (v/v/ v). After mixing, the mixture was centrifuged (9000Âg, 5 min), the organic layer was collected and the samples were evaporated to dryness by vacuum at room temperature; once dried, the samples were stored at À20°C. Prior to analysis, the samples were re-dissolved in 100 ll of chloroform.
Lipid extracts were analyzed by electrospray ionization (ESI) mass spectrometry (MS) using a quadrupole time-of-flight (Q-TOF) mass spectrometer (Micromass, Manchester, UK) and a LXQ linear ion trap mass spectrometer (Thermo Scientific, San Jose, CA, USA). ESI-MS and MS/MS conditions in the ESI-Q-TOF mass spectrometer were as follows: electrospray voltage was 3 kV in the positive ion mode with a cone voltage of 30 V. The source temperature was 80°C and the desolvation temperature was 150°C. Collision energy used for the MS/MS spectra varied between 30 and 40 V. Data acquisition and treatment of results were carried out with MassLynx™ software V4.0 (Waters). ESI-MS and MS/MS conditions obtained on a Finnigan LXQ linear ion trap mass spectrometer were as follows: electrospray voltage 5 kV; capillary temperature 275°C, and the sheath gas (He) flow rate 25 units. The normalized collision energy (CE) varied between 19 and 21 (arbitrary units) for MS/MS. Data acquisition and treatment of results were carried out with the XcaliburW Data System 2.0 (Thermo Scientific, San Jose, CA, USA).
Application of (bio)surfactants in the removal of crude oil from sand
The applicability of the biosurfactant mixture produced by P. aeruginosa #112 and the chemical surfactants Enordet and Petrostep in oil recovery was studied using an artificially contaminated sand containing 10% (w/w) of Arabian Light crude oil (kindly provided by GALP, Portugal). The assays were performed in triplicate, at 40°C, as described by Pereira et al. (2013) .
Results and discussion
Biosurfactant production by P. aeruginosa #112 in LB medium
Biosurfactant production by P. aeruginosa #112 was studied using LB medium at 37°C with different agitation rates: 120, 180 and 200 rpm. The results obtained at 120 and 180 rpm are shown in Fig. 1 .
As it can be seen from the results obtained, the biosurfactant produced by P. aeruginosa #112 reduced the culture medium surface tension to values around 33 mN/m, with emulsifying indexes against n-hexadecane as high as 60%. Taking into account that to calculate the emulsifying activity, the same volume of cell-free supernatant and n-hexadecane was used, emulsifying indexes higher than 50% entail that the oil phase was completely emulsified. After 24 h of growth, both at 120 and 180 rpm, the surface tension of the cell-free supernatants remained nearly constant until the end of the fermentation. This means that the amount of biosurfactant present in the medium was equal or higher than the cmc. In those conditions it was necessary to dilute the culture broth supernatants to study the evolution of biosurfactant production. As it can be seen from Fig. 1 , the ST À1 and ST À2 values continued decreasing after 24 h, meaning that biosurfactant production continued until the end of the fermentation.
According to the ST À1 and ST À2 values, the incubation at 180 rpm offered better results when compared with 120 rpm (evolution of biosurfactant production was faster and a higher decrease in surface tension was achieved). Experiments performed at 200 rpm resulted in similar surface tension values when compared with those obtained at 180 rpm (data not shown). At 120 rpm, the amount of biosurfactant recovered at the end of the fermentation was 1067 ± 64 mg/l, whereas at 180 rpm it was 1472 ± 83 mg/l, which is in agreement with the surface tension values obtained in both tested conditions. The cmc of this biosurfactant was found to be 90 mg/l, with a minimum surface tension value of 29.8 ± 0.1 mN/m.
The results obtained are in agreement with the general notion on this point in the literature. It has been reported that rhamnolipid production by P. aeruginosa is inefficient under oxygen-limiting conditions, and as the agitation rates increase (up to 150-250 rpm), rhamnolipid production also increases due to a higher dissolved oxygen concentration in the medium (Abbasi et al., 2012; Abdel-Mawgoud et al., 2009; Aparna et al., 2012; Bharali and Konwar, 2011; Cha et al., 2008; Haba et al., 2003; Lotfabad et al., 2009 Lotfabad et al., , 2010 Pacheco et al., 2012; Wei et al., 2005) .
Use of alternative substrates for biosurfactant production
In order to reduce the production costs, molasses (10% (w/v)) and molasses supplemented with different nitrogen sources (at a concentration of 2 g/l) were used as culture medium. As it can be seen from the results gathered in Table 1 , in all cases the surface tension values (29.2-30.8 mN/m) were generally lower than those obtained with LB medium. Differences between the different media can be observed comparing the ST À1 and ST À2 values, as well as the emulsifying activities. The less favorable result was obtained using molasses without any additional nitrogen source, as can be confirmed by the low amount of biosurfactant produced (499 ± 82 mg/l) and the lack of emulsifying activity. Using ammonium nitrate, ammonium sulfate, sodium nitrate or urea as nitrogen sources, similar results were obtained regarding the surface tension values. The highest emulsifying activity (58.0 ± 2.3%) was achieved using urea as the nitrogen source, whereas the lowest emulsifying indexes were obtained with tryptone and yeast extract. Among all media evaluated, the amount of biosurfactant produced (580-888 mg/l) was lower than that obtained with LB medium at the same conditions.
In other set of experiments, CSL at different concentrations (5%, 10% and 15% (v/v)) was used as culture medium, either alone or supplemented with glucose (10 g/l) or molasses (10% (w/v)). The cultures were performed at the same conditions previously described (37°C and 180 rpm). The best results regarding biosurfactant production were obtained using a medium containing CSL (10% (v/v)) and molasses (10% (w/v)). Evolution of surface tension and emulsifying activity with this medium (CSLM) is illustrated in Fig. 2 .
Using CSLM, the surface tension values obtained (ST À2 = 38.7 ± 2.3 mN/m) were lower when compared with the ones obtained with the previous media, thus suggesting a higher biosurfactant production. Also the emulsifying activity was higher; similar emulsifying indexes were obtained with the culture broth supernatants without dilution and 10 times diluted (about 60%), and even the 100 times diluted supernatants exhibited an emulsifying activity close to 30%. Emulsifying indexes between 50% and 75% have been reported for different rhamnolipid mixtures by other authors (Abbasi et al., 2012; Abdel-Mawgoud et al., 2009; Aparna et al., 2012; Benincasa and Accorsini, 2008; Bharali and Konwar, 2011; George and Jayachandran, 2009; Lotfabad et al., 2009; Wei et al., 2005) . The ability to form and stabilize emulsions is one of the most important features to be considered for the practical application of biosurfactants, mainly for environmental applications such as bioremediation and enhanced oil recovery (Vaz et al., 2012) .
The amount of biosurfactant recovered at the end of the fermentation (144 h) was 3194 ± 245 mg/l, i.e. about two times the amount of biosurfactant produced in LB medium. Furthermore, the cmc of this biosurfactant was 50 mg/l, meaning that it is more efficient when compared with the one produced in LB medium. Patel and Desai (1997) reported the biosurfactant production by a P. aeruginosa strain using a medium containing molasses (7% (v/v)) and CSL (0.5% (v/v)), although in that case, the amount of biosurfactant produced (240 mg/l) was considerably lower.
The promising future of biosurfactants appears to depend on the use of abundant low-cost raw materials, and the optimization of the culture conditions to achieve high production yields. Different substrates have been used to produce rhamnolipids, including orange peel (George and Jayachandran, 2009 ), olive oil (Wei et al., 2005) , coconut oil (George and Jayachandran, 2013) , wastes from the sunflower-oil production process (Benincasa and Accorsini, 2008; Benincasa et al., 2004) , waste frying oil (Haba et al., 2003) , soybean oil (Abbasi et al., 2012; Cha et al., 2008; Lotfabad et al., 2010) or molasses (Aparna et al., 2012) , with productivities between 3.5 and 12 g of biosurfactant per liter. However, it has to be taken into consideration that in some of these works, the biosurfactant concentration was calculated indirectly as rhamnose concentration (Benincasa and Accorsini, 2008; Benincasa et al., 2004; Jayachandran, 2009, 2013; Haba et al., 2003) . Perfumo et al. (2013) reported that the orcinol assay, a method Table 1 Surface tension values (mN/m), emulsifying indexes (%) and biosurfactant concentrations (mg/l) obtained with Pseudomonas aeruginosa #112 grown in molasses (10% (w/v)) and molasses supplemented with different nitrogen sources (2 g/l) at 37°C and 180 rpm for 168 h. Results represent the average of three independent experiments ± standard deviation. ST 0 : surface tension of the culture medium; ST: surface tension of the cell-free supernatants at the end of the fermentation; ST À1 and ST
À2
: surface tension of the cellfree supernatants at the end of the fermentation diluted 10 and 100 times with demineralized water, respectively; E 24 : emulsifying index; BS: biosurfactant concentration. commonly used to quantify rhamnolipids, overestimates (between 5 and 9 times) the real rhamnolipid concentration in the samples, probably due to interferences with other compounds. Furthermore, in some of these works, the culture media were supplemented with additional nitrogen sources (e.g. peptone or yeast extract) (Aparna et al., 2012; Jayachandran, 2009, 2013) , which increases the production costs. Finally, P. aeruginosa strains usually only produce considerable amounts of rhamnolipids when hydrocarbons or vegetable oils are used as carbon sources, whereas the use of water soluble substrates results in low yields, which limit their production at large-scale (Abbasi et al., 2012; Benincasa and Accorsini, 2008; Benincasa et al., 2004; Bharali and Konwar, 2011; Cha et al., 2008; George and Jayachandran, 2013; Haba et al., 2003; Wei et al., 2005) . In the present work, a high biosurfactant production was achieved using a culture medium containing a combination of two low-cost agro-industrial by-products, without addition of salts, micronutrients or other supplements that would raise the price of the production process (the estimated price of CSLM is 0.024 €/l), and without the addition of water-immiscible substrates, which makes easier the fermentation and recovery processes.
Biosurfactants chemical characterization
The mass spectrometry analysis of biosurfactant mixtures produced by P. aeruginosa #112 in LB and CSLM medium revealed a very similar profile in their composition. Mixtures of eight and nine rhamnolipid congeners (in CSLM and LB medium, respectively) were identified, and confirmed by the presence of [M+Na] + ions at m/z 499. 3, 523.3, 527.3, 553.3, 555.4, 645.3, 673.3, 699.3 and 701.4 observed in the electrospray mass spectra (ESI-MS). The structures of the mono-and di-rhamnolipids were confirmed by electrospray tandem mass spectrometry (ESI-MS/MS) as previously reported . The different molecular ions detected and the corresponding rhamnolipid congeners are listed in Table 2 . The main difference between both media was observed in the relative abundance of the different congeners. In LB medium, the most abundant congener was the di-rhamnolipid Rha-Rha-C 10 -C 10 (ion at m/z 673.3), whereas in CSLM, the most abundant was the mono-rhamnolipid Rha-C 10 -C 10 (ion at m/z 527.3) (Fig. 3) . Rhamnolipids are produced by P. aeruginosa strains as mixtures of different congeners, being the most common L-rhamnosyl-bhydroxydecanoyl-b-hydroxydecanoate (Rha-C 10 -C 10 ) and Lrhamnosyl-L-rhamnosyl-b-hydroxydecanoyl-b-hydroxydecanoate (Rha-Rha-C 10 -C 10 ). Other congeners frequently found include mono-and di-rhamnolipids with acyl chains containing 8, 10, 12 or 14 carbons, mostly saturated, and, less often, containing one or two double bonds, as well as with only one b-hydroxy fatty acid (Abbasi et al., 2012; Aparna et al., 2012; Benincasa and Accorsini, 2008; Benincasa et al., 2004; Bharali and Konwar, 2011; George and Jayachandran, 2013; Haba et al., 2003; Lotfabad et al., 2010; Pereira et al., 2012; Zhang et al., 2014) . Exceptionally, acyl chains with a higher (C 18 , C 22 and C 24 ) or an odd number of carbons can be found (Hosková et al., 2013; Nie et al., 2010) .
The surface-active properties of rhamnolipids are affected by the size of their hydrophilic head (one or two rhamnoses), the length of the alkyl chains and the presence of double bonds. These properties affect the stability of rhamnolipids in the aqueous phase or their capability to solubilize hydrophobic organic compounds (Abbasi et al., 2012; Benincasa et al., 2004; Bharali and Konwar, 2011) . Mono-rhamnolipids are less soluble in water and adsorb to surfaces strongly than di-rhamnolipids. More hydrophilic congeners (Rha-Rha-C 10 , Rha-Rha-C 10 -C 10 ) exhibit higher cmcs (200 mg/ l), whereas more hydrophobic ones (Rha-C 10 -C 10 , or with longer acyl chains) show lower cmcs (between 5 and 40 mg/l) and reduce the surface tension more efficiently. The cmcs of rhamnolipids containing unsaturated hydrophobic chains are higher than those of the corresponding saturated forms, because the introduction of unsaturations into the hydrophobic groups affects the packing and organization of biosurfactant molecules at the interface ( Abdel-Mawgoud et al., 2009; Bharali and Konwar, 2011; Haba et al., 2003; Sarachat et al., 2010; Zhang et al., 2014) . The composition and distribution of rhamnolipid congeners vary according to the bacterial strain, the culture conditions and the media composition. Even using the same strain, the culture medium used can influence the composition of the rhamnolipid mixture (Benincasa and Accorsini, 2008; Raza et al., 2009 ). In the case of P. aeruginosa #112, using LB or CSLM medium, almost the same rhamnolipid congeners were produced. However, using LB medium, the most abundant congener was the di-rhamnolipid Rha-Rha-C 10 -C 10 , whereas using CSLM, the most abundant was the mono-rhamnolipid Rha-C 10 -C 10 , which explains the differences observed in the cmcs of both biosurfactant mixtures.
Application of (bio)surfactants in the removal of crude oil from sand
The applicability of the rhamnolipid mixture produced by P. aeruginosa #112 in CSLM medium and the chemical surfactants Enordet and Petrostep in oil recovery was evaluated. Flasks containing crude oil-contaminated sand were incubated with biosurfactant and chemical surfactants solutions at different concentrations. The percentages of oil recovered at 40°C are presented in Table 3 .
As it can be seen from the results obtained, the biosurfactant mixture and the chemical surfactant Enordet exhibited similar performances in oil recovery. However, the biosurfactant proved to be more efficient than the chemical surfactant Petrostep. The recovery obtained with the rhamnolipid mixture at a concentration of 1 mg/ ml (22.1 ± 2.5%) was similar to the obtained by Pereira and co-workers (2013) using the lipopeptide biosurfactants produced by three Bacillus subtilis strains at the same concentration (18.8-22.1%).
The same assays were also performed using the cell-free supernatant obtained after growing P. aeruginosa #112 in CSLM medium for 144 h. The percentage of oil recovered in this case (64.2 ± 3.5%) was higher than the obtained with the highest biosurfactant concentration tested (5 mg/ml). Since the biosurfactant concentration in the cell-free supernatant was about 3.2 mg/ml, the higher oil recovery observed can be due to the effect of other metabolites present in the supernatants. The possibility of using the cell-free supernatants without further processing steps can contribute to increase the use of biosurfactants in applications such as enhanced oil recovery or bioremediation, as their purification constitutes a relevant portion of the overall production costs.
Conclusions
In this work, a low-cost culture medium was developed using two agro-industrial by-products (corn steep liquor and molasses) for biosurfactant production by a P. aeruginosa strain. The amount of biosurfactant produced with this alternative medium was two times the amount of biosurfactant produced in LB medium. This biosurfactant was characterized as a mixture of eight different rhamnolipid congeners, and exhibited a better performance in oil recovery assays when compared with the chemical surfactants Enordet and Petrostep, making it a promising candidate for application in the oil industry or bioremediation processes. Fig. 3 . Relative abundance of the [M+Na] + ions of the rhamnolipid congeners observed in the ESI-MS spectra obtained in the ESI-Q-TOF mass spectrometer in LB and CSLM medium. Table 3 Percentages of oil recovered using the biosurfactant mixture produced by Pseudomonas aeruginosa #112 in CSLM and the chemical surfactants Enordet and Petrostep at different concentrations. Results represent the average of three independent experiments ± standard deviation. 
